The transmetallation reaction between zinc dithiocarbamates and rhenium carbonyls has been used as a new strategy to link biomolecules to transition metals.
Abstract
The transmetallation reaction between zinc dithiocarbamates and rhenium carbonyls has been used as a new strategy to link biomolecules to transition metals.
The zinc(II) dithiocarbamate of isonipecotic acid (1) and the succinimidyl ester derivative (2) were prepared by straight forward procedures and were fully characterized by spectroscopic and X-ray diffraction methods, showing in both cases the presence of dinuclear complexes. Complex 2 reacted with all the primary and secondary amines studied (glycine methyl ester, β-alanine methyl ester, 1-(2-methoxyphenyl)piperazine and D-(+)-glucosamine) through the activated succinimidyl ester group, linking the metallic fragment with the biomolecule by the formation of a peptidic bond, and leading to the respective bioconjugated zinc complexes 3-6. In all cases, these zinc complexes could be isolated from the reaction medium by simple precipitation.
These results evidence the potential of complex 2 to be used as a synthon to link the zinc dithiocarbamate fragment to biomolecules that contain an amine group. Complexes 3-6 were characterized by the usual spectroscopic methods and all data agree with the proposed structures, which do not contain significant interactions between the zinc fragment and the functional groups of these biomolecules.
The transmetallation reaction between the zinc complexes 3-6 and the rhenium carbonyl [ReBr 3 (CO) 3 ] 2-led to the expected rhenium dithiocarbamates 7-10 with no change in the organic dithiocarbamate fragments, confirming the viability of this reaction as a tool for linking biomolecules to transition elements. All complexes were characterized by spectroscopic methods and the crystal structure of 8 was studied by Xray diffraction analysis. All data demonstrated that the biomolecule is positioned far away from the fac-{Re(CO) 3 } fragment and the octahedral coordination around the metal is completed by the functionalized dithiocarbamate and a phosphine ligand.
Introduction
Transmetallation is one of the basic reactions in inorganic chemistry that is defined as the exchange of ligands between two metal atoms. It has been used since the beginnings of organometallic chemistry as a practical tool to prepare new compounds, being based on the substitution of a weak carbon-metal bond such as Hg-C by a stronger bond like Zn-C. 1 Currently, this reaction continues to be extremely useful in the synthesis of new compounds and one pertinent example is the use of silver Nheterocyclic carbens (NHCs) for the preparation of transition metal carbens. 2 The use of organometallics in biology and medicine, and particularly the search for organometallic pharmaceuticals, has become a relevant research topic in the last decades. 3 In this context, the goal of this study is to apply the transmetallation reaction to improve the preparation of organometallic radiopharmaceuticals for Nuclear Medicine applications. The transmetallation reaction is currently employed in radiopharmacy to produce the organometallic compound ( 99m Tc) sestamibi. 4 However, in our proposal we use this reaction innovatively for a very different goal.
Molecular imaging methods are useful in medicine because they allow the visualization of biochemical process in living organisms and can help the diagnosis of some diseases by non-invasive techniques. The labeling of biologically active molecules with a radionuclide is currently a topic of great interest in radiopharmacy because it can lead to specific tracers with potential new applications in oncology, 5, 6 infection imaging, 6 neuroreceptor imaging 7, 8 and other medical specialties. Depending on the emission properties of the radionuclide either of two imaging methods can be used, Positron Emission Tomography (PET) or Single Photon Emission Computed Tomography (SPECT). The radionuclide mainly used for SPECT is Tc-99m, 4 M), only a very small portion of functionalized biomolecules are in fact labeled with the metal carbonyl fragment (functionalized biomolecules have the ability to bond to the metal fragment as is shown in the schema). Consequently, in the radiopharmaceutical preparation the ratio of labeled biomolecules/ unlabeled biomolecules is very low, meaning that the labeled biomolecules must compete with unlabeled biomolecules for the receptor sites. 11 In order to improve the labeled /unlabeled biomolecules ratio in radiopharmaceutical preparations, we have designed a new approach that allows two apparently contradictory objectives: (1) a high labeling yield (nearly all radioactive metals should be linked to the biomolecule) and (2) a low unlabeled biomolecule concentration in the reaction mixture. This new strategy is based on using a transmetallation reaction between a zinc complex of the functionalized biomolecule which is sparingly soluble in water and the radioactive metal in water solution (Scheme 1).
(Scheme 1)
This reaction is shifted to the right by the higher thermodynamic stability of bonds with the {M(CO) 3 } fragment (M = Tc, Re) with respect to the zinc atom.
Concurrently, the concentration of unlabeled biomolecule in the reaction mixture can be very low because it is limited by the low solubility of the bioconjugate zinc compound in water.
To this purpose, we designed a new compound based on a derivative of isonipecotic acid (Scheme 2) as a key compound in attaining our goal, given its following advantages:
(Scheme 2) (1) The dithiocarbamate of isonipecotic acid has been reported 12 and it displays an appropriate structure for our purpose because it can lead to very stable, symmetric compounds since the amine group in isonipecotic acid is a symmetric secondary amine.
(2) Zinc dithiocarbamates are stable compounds 13 that exhibit transmetallation 14 reactions with transition metals. Therefore, a zinc dithiocarbamate with the structure shown in Scheme 2 can be useful for the transmetallation reaction displayed in Scheme 1.
(3) The above structure contains a N-hidroxysuccinimidyl ester group suitable for coupling reactions with amines in order to link the metal to a biomolecule. 15 Hence, this dithiocarbamate of isonipecotic acid can act as a bifunctional chelating agent 16 (BFCA) because it can work as a linker between the metal (bonded to the dithiocarbamate function) and the biomolecule (bonded by a peptidic bond).
(4) It is expected that the zinc dithiocarbamate derivative of isonipecotic acid will show low toxicity. Indeed, isonipecotic acid 17 and zinc dithiocarbamates 18 are involved in pharmacological studies and the dithiocarbamate of isonipecotic acid exhibits anti-inflammatory activity.
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Results and Discussion
Zinc(II) dithiocarbamate of isonipecotic acid (1). This compound was prepared by reaction between a solution of the sodium dithiocarbamate of isonipecotate prepared "in situ" from the amine 12 and a water solution of zinc (II) acetate (Scheme 3).
Complex 1 was obtained with high yield (84 %) and high purity by simple crystallization from the reaction medium. One interesting aspect is that this compound is scarcely soluble in water and, as was stated in the introduction, the low solubility of zinc compounds may be useful to improve the labeled/unlabeled ratio in radiopharmaceutical preparation. Thus, the compound was characterized by NMR spectroscopy in D 2 O but all spectra were recorded at the temperature of 40 ºC in order to improve the solubility of 1. All spectroscopic data agree with the proposed structure.
For instance, the characteristic signals of the dithiocarbamate group are observed in the 13 C NMR (201.8 ppm) and the IR (1493 cm -1 , ν(C=N)) spectra is consistent with reported data for bidentate metal dithiocarbamates.
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The presence of the isonipecotic fragment is evidenced by the 1 H NMR spectrum in which all observed signals could be assigned to the hydrogen atoms of the heterocycle by means of 2D experiments (COSY, HSQC and NOESY) and these assignments agree with reported data for isonipecotic acid.
(Scheme 3)
The crystal structure of 1 (Figure 2) shows the formation of the postulated zinc dithiocarbamate but also reveals that it is a dinuclear centrosymmetric compound in solid state. This is a common arrangement for zinc dithiocarbamates 22 although monomeric compounds have also been reported. 23 The analysis of this structure shows that bond distances and angles of the core {Zn 2 S 8 } are very similar to previously reported data for dinuclear zinc dithiocarbamates with simple alkyl groups such as ethyl 24 and isopropyl. 25 The geometry around the zinc atom is intermediate between trigonal bipyramidal and tetragonal pyramidal with four similar Zn-S distances {Zn-S21 = 2.3433(5) Å, Zn-S12 = 2.3457(6) Å, Zn-S22 
Succinimidyl ester of zinc(II) dithiocarbamate of isonipecotic acid (2).
Although the preparation of succinimidyl ester derivatives from carboxylic acid is a well-known process, in most synthetic pathways reported the starting reagent is carboxylic acid and this route is unfeasible in our case since dithiocarbamates are not stable in acidic medium. This problem was solved using the peptide coupling reagent
105832-38-0) since it can react directly with the carboxylate group and avoids working in acid media (Scheme 4). Furthermore, the preparation procedure by this way is very straight forward and convenient because compound 2 can be isolated from the dimethylformamide reaction medium by simple precipitation after addition of a mixture of ethanol/water, allowing to obtain 2 in high yield (above 95 %) and purity. On comparing this structure with compound 1 the strong similarity between the {Zn 2 S 8 } cores in both complexes is obvious. This result evidences that the conversion of the carboxylate group in 1 to the corresponding succinimidyl ester has a minimum influence on the dithiocarbamate group. The coordination around the zinc atoms is analogous in both complexes with a Zn-S distance significantly longer than the others {Zn-S distances for 2: Zn-S21 = 2.369(2) Å, Zn-S12 = 2. 2.364(3) Å, Zn-S22 (i) = 2.371(2) Å, Zn-S11 = 2.413(2) Å, Zn-S22 = 2.753(2) Å; (i) = equivalent atom by inversion center }.
Bioconjugated Zn(II) dithiocarbamates (3-6).
As stated in the introduction, complex 2 was designed with activated ester groups with the aim of preparing bioconjugated compounds by means of a coupling reaction with an amine group of a biomolecule. In the first stage, we studied the reaction between 2 and the methyl esters of the aminoacids glycine and -alanine as a test for the application of this reaction to the preparation of bioconjugated Zn(II) dithiocarbamates (Scheme 5).
The NMR analysis of the reaction mixture showed that the reaction of 2 with the methyl esters of glycine and -alanine is nearly quantitative after a few hours at room temperature. Thus, complexes 3 and 4 could be isolated from the reaction mixture by the simple addition of a mixture of ethanol-water. This very direct procedure gives pure compounds that can be used without recrystallization in subsequent reactions.
Once the viability of this approach was established with the model compounds 3 and 4, the 1-(2-methoxy-phenyl)piperazine was chosen as the next reagent to be studied.
This amine can be viewed as a small biomolecule because compounds with an arylpiperazine moiety are useful for binding to serotonergic receptors in the central nervous system and radiopharmaceuticals with this fragment 27 are highly relevant for the study of neuropsychiatric diseases. Furthermore, since this compound is a piperazine derivative, it is useful for testing if the ability of 2 to react with amines can be extended to secondary amines. Experimental results confirmed this hypothesis and the functionalized zinc dithiocarbamate 5 was prepared following a method as simple as that used for the synthesis of the model compounds 3 and 4 and, as we noted with these compounds, it was also obtained pure and in good yield (71 %).
The last compound of this family was prepared by reaction between 2 and the D-(+)-glucosamine to yield the bioconjugate dithiocarbamate 6. This reagent was chosen since obtaining 99m Tc-glucose derivatives is a subject of prime interest because these compounds could be a more readily available and less expensive alternative to 18 F-2-Deoxy-2-fluoro-D-glucopyranose (FDG) which is currently employed for tumor imaging. 28 As in previous complexes, 6 was also obtained as a pure compound by a similar simple procedure with minor differences due to the different solubility of glucose derivatives.
All synthesized compounds were characterized by the usual spectroscopic and spectrometric techniques. The NMR signals corresponding to the isonipecotic fragment were observed in all compounds in similar positions to those found for 2, the most shifted signal being the resonance in 
Conclusions
The zinc dithiocarbamate of isonipecotic acid (1) and its succinimidyl ester (2) are new complexes that have been synthesized using simple preparation procedures that allow obtaining the desired complex in high yield and purity for use in subsequent reactions. The X-ray diffraction analyses of these complexes have shown very similar dinuclear structures for both, confirming that there are no relevant interactions between the succinimidyl fragment and the metal atom in 2. All these results indicate that compound 2 can be an excellent starting material for the conjugation of biomolecules to zinc. Hence we established the versatility of complex 2 to act as a synthon for linking the zinc dithiocarbamate fragment to molecules that contain a primary or secondary amine by the coupling reaction with the succinimidyl ester group. This reaction has been performed with glycine, β-alanine, 1-(2-methoxy-phenyl)piperazine and D-(+)-glucosamine yielding the zinc complexes 3-6. The low solubility of these complexes, in conjunction with the high-yield of the coupling reaction, permits obtaining pure 3-6 by simple addition of an alcohol or alcohol-water mixture to the reaction medium.
The study of the transmetallation reaction between the rhenium carbonyl 
Experimental Section
All reactions were performed under nitrogen using standard Schlenk tube techniques. Infrared spectra were recorded with a Perkin-Elmer 2000 FT spectrometer.
The NMR spectra were recorded in the Servei de Ressonància Magnètica Nuclear de la N,N,N',N'-Tetramethyl-O-(N-succinimidyl) 
Synthesis of complexes 3-5.
Complex 2 (1.0 g, 1.5 mmol) was dissolved in dry DMF (10 mL). The appropriate amine (3.8 mmol) and DIPEA (7.5 mmol) was added to the solution and the reaction mixture was stirred overnight. A mixture of water and EtOH (1:1, v/v) (100 mL) was added and the crude product was centrifuged and washed with the same mixture to eliminate the excess of the amine and DIPEA. The product was dried under vacuum. Data were corrected for absorption using SADABS. 36 Structures were solved by direct methods using SHELXS-97 37 and refined by full-matrix least squares on F 2 with anisotropic displacement parameters for the non-H atoms using SHELXL-97 37 The Cand N-hydrogen atoms were included from calculated positions and refined riding on their respective carbon or nitrogen atoms with isotropic displacement parameters In the crystal structure of complex 1 MeOH/water disorder is present in one site.
15 from 18 water hydrogen atoms were located in a difference Fourier map. In the crystal structure of complex 2 MeCN is present, dimer/MeCN ratio being 1:3. One MeCN molecule is disordered about an inversion center. In the crystal structure of complex 8 two molecules with similar conformation are present in the asymmetric unit.
Details of the structure solution and refinement are provided as Supporting Information for complexes 1, 2 and 8. 
